Abstract. Consistency of MR scan planning is very important for diagnosis, especially in multi-site trials and follow-up studies, where disease progress or response to treatment is evaluated. Accurate manual scan planning is tedious and requires skillful operators. On the other hand, automated scan planning is difficult due to relatively low quality of survey images ("scouts") and strict processing time constraints. This paper presents a novel method for automated planning of MRI scans of the spine. Lumbar and cervical examinations are considered, although the proposed method is extendible to other types of spine examinations, such as thoracic or total spine imaging. The automated scan planning (ASP) system consists of an anatomy recognition part, which is able to automatically detect and label the spine anatomy in the scout scan, and a planning part, which performs scan geometry planning based on recognized anatomical landmarks. A validation study demonstrates the robustness of the proposed method and its feasibility for clinical use.
Introduction
The diagnostic value of MRI scans greatly depends on the accuracy and consistency of scan planning. This procedure is typically carried out on a low resolution (often just a few orthogonal slices) survey dataset, the so-called "scout", in which scan geometries, such as off-center, angulation and field-of-view, are determined manually by the operator. The operators often need to plan several diagnostic scans with different parameters during one session, which requires high concentration and is potentially error-prone. Every operator has an individual planning style depending on his/her level of experience, training, etc. All these factors negatively influence the consistency and reproducibility in the resulting diagnostic scan geometries.
In order to improve the MR acquisition workflow, several research groups have proposed automated scan planning (ASP) methods for different anatomies, e.g. neurocranial [1, 2] , cardiac [3, 4] , and knee [5] .
Spine examinations represent one of the most important clinical applications of MRI. However, automated spine planning is a particularly difficult task, since several peculiarities have to be taken into consideration: i) Spine has a repetitive anatomical structure, so the correct order of visible vertebrae needs to be recognized and labeled. ii) The number of vertebrae may vary from one individual to another. iii) The appearance of vertebrae and intervertebral discs may be affected by different pathologies, e.g. deformity (scoliosis), fracture, neoplasm, degeneration, etc. iv) The ASP system has to be able to deal with partial spine acquisitions, for example, in examinations of the lower (lumbar) or upper (cervical) spine. The exact number of visible vertebrae in such examinations is not known in advance and the use of global registration or structural model-based methods for anatomy detection is difficult.
Robust anatomy recognition is a core requirement for an ASP system to be advantageous over manual planning in clinical routine. Automated spine detection and labeling is a technically challenging task even in diagnostic quality MRI. Peng et al. [6] aim at detecting the intervertebral discs in adjacent 2-D sagittal slices for segmentation of the whole spine column. A feature detector based on template matching is applied to detect candidates for disc centers followed by local post-processing. A semi-automated approach for labeling intervertebral discs in whole spine has been proposed by Weiss et al. [7] . After intensity correction step, the operator provides a seed point in the C2-C3 disc to start the search procedure based on intensity thresholds. Vrtovec et al. [8] detect the spine by searching for circular areas of homogeneous intensity in axial slices. The performance of the above mentioned approaches strongly depends on good image quality with reproducible contrasts. This may not be the case for scout data, of which the quality is usually limited by the clinically acceptable scanning time.
This paper develops a new approach for fast and robust automated spine detection and labeling in 3-D scout images. Analogously to earlier work [2, 5] , the detected anatomical landmarks are used to learn pre-defined geometries from a training set provided by the operator. In this way, the ASP system allows to consistently plan scan geometries tailored to individual needs and preferences of the radiologist. The focus of this paper is on planning lumbar and cervical partial examinations, although the approach can be extended to other types of examinations, e.g. thoracic or total spine.
The reliability of the proposed method is demonstrated by validating the anatomy detection on 60 spine scout images (30 cervical and 30 lumbar datasets). The experimental part of the paper also illustrates automated learning of scan plan geometries and their transfer from one area of the spine to another.
Method
Automated scan planning starts with the acquisition of a 3-D low-resolution scout scan. The scout image is analyzed by the anatomy recognition algorithm, which automatically detects the intervertebral discs and labels the corresponding vertebrae. In a clinical environment, the system would typically ask the operator to confirm (and, if needed, even adapt) the correctness of anatomy detection. After the labeling step, the positions and orientations of the intervertebral discs are used to generate a set of landmarks required for automated geometry planning.
Image Data
Scout protocols generally require a compromise between obtaining the image quality and resolution sufficient to successfully cope with the task of scan planning, and limited acquisition time, which should be kept as short as possible. The spine planning method in this work uses dedicated 3-D T1-weighted fast field echo (FFE) scans having sagittal slice orientation with 400 x 400 x 270 mm field of view (1.25 x 1.25 x 1.5 mm voxel size) and acquisition time of 40 s. The datasets were acquired on a 1.5T Philips Achieva MR scanner.
Anatomy Recognition
The spine detection is implemented in the form of sequential application of three processing steps aiming at fast and reliable detection of the intervertebral discs.
Detection of disc candidates. As a pre-processing step, an interest point detector is applied to simplify the spine detection problem through analyzing a relatively small number of candidates. Since intervertebral discs appear as bright line-like structures in sagittal or coronal slices, our interest point detector is based on a special filter which detects approximately horizontal lines in sagittal 2-D slices of the scout image. This approach is computationally more efficient than searching for disc-like structures in 3-D. The filter response used is based on eigenanalysis of the image Hessian and is defined for image position
, where λ 1 and λ 2 are the eigenvalues of the Hessian matrix at scale s with |λ 1 | ≤ |λ 2 |, and a and b are sensitivity weights [9] . The value of a was set to 500 in this work, and the value of b was set to half of the maximum Hessian norm, as proposed in [9] . The first term suppresses blob-like structures while the second term suppresses the influence of the background noise. Admissible intensity range and principal Hessian eigenvector orientation are used to improve selectivity of the filter.
The filter is applied on a isotropically downsampled image with the voxel size of 3 mm 3 , using the scale parameter s = 1. The filtered dataset is next converted to a binary image by applying the threshold V > 10 −4 and cleaned by morphological opening using a rectangular structural element. The centers of mass of the 3-D connected components in the filtered image are considered as candidates for the intervertebral disc centers. Additionally, the smallest principal component of each 3-D segment is computed to estimate the orientation vector orthogonal to the disc.
Spine detection. Unambiguous discrimination between true disc centers and false ones in the set of candidates is a very difficult task, even by exploiting the structural connectivity and vertical orientation of the spine column. We follow a different strategy and aim at reliably finding one single point belonging to the spine. Starting from that point, a progressive search is initiated which extracts the whole visible spine using prior structural knowledge.
Fig. 1. GUI fragment with automatically labeled cervical scout
Since the spine column can be considered as a tubular structure, most of the false candidates can be removed by applying an iterative procedure which removes candidates that form point triplets with angles in the range [π/4, 3π/4]. This is done to eliminate segments with unrealistically high curvature. In each pass, the candidate point responsible for the largest number of inadmissible triplets is eliminated from the set and the procedure is repeated until no such points are left. The topmost candidate point from the remaining set is marked as the first point belonging to the spine column in lumbar scouts. Analogously, the bottommost candidate point is used for cervical scouts.
To improve the performance and robustness of the above method, a subset of 15 candidates mostly resembling intervertebral discs is taken instead of the whole set. This reflects the maximum number of visible discs in partial spine examinations. In order to select these candidates, the corresponding location in the image is evaluated for similarity with an intervertebral disc template represented by a triangulated surface mesh and positioned according to the disc orientation vector computed in the previous step. The similarity value for the k-th candidate is defined as:
, where N is the number of triangles in the disc template mesh, n is the triangle normal unit vector and g is the normalized image gradient, computed at the triangle position.
Spine labeling. Starting at the first spine point, a progressive search is carried out upwards/downwards aiming at extracting the disc centers in the visible spine column from all candidates detected as interest points. The next spine point is selected as lying at a certain distance from the previously detected one, where the orientation of the corresponding intervertebral disc is used to define the search direction. If a candidate is missing at the expected position, e.g. due to pathology or image artifacts, an artificial disc candidate is inserted and searching continues using the same direction.
The search is terminated when several consecutive missing candidates are encountered. This criterion reliably identifies the C2-C3 disc in the cervical spine owing to the characteristic form of the C2 vertebra. In the lumbar spine, the L5-S1 disc can be found as being the one with the maximum forward angulation about the axis in right-left direction of the patient. After the entire set of visible discs are extracted, the vertebrae are labeled w.r.t. the disc found last, see Fig. 1 .
Scan Geometry Planning
Analogously to previous work [2, 5] , the method uses a training set of manually planned geometries to propose a planning based on correlation with the automatically detected anatomical landmarks. On the training samples, rigid registration of the automatically detected landmarks is carried out. A robust multi-variate median approach [10] has to be employed in the computation of the "atlas" landmarks, since anatomical variability as well as variability in the landmark extraction impede perfect alignment. The variance of the landmark positions in the training samples w.r.t. the position of the corresponding "atlas" landmark furthermore determines its contribution to the proposed planning. Finally, the planning algorithm performs rigid registration of the detected set of landmarks from the current image with the "atlas" landmarks from the training set based on these contributions.
Considerable contrast fluctuations in the scout protocol and possible presence of severe pathologies, e.g. fractures, make accurate segmentation of structures such as vertebrae or intervertebral discs for the purpose of landmark extraction difficult. Instead, positions and orientations of the detected intervertebral discs are used to define fixed extents around each disc, whose corner points are used as landmarks. To account for the specific repetitive character of the spine anatomy, the planning concept has been extended to transfer plans from one particular area into another. For example, if the training set consists of lumbar anatomy plans only, the system is still capable of planning on cervical scouts.
Results
Validation of the approach has been carried out using two criteria: i) robustness of anatomy detection and ii) quality of automatically generated plans.
Validation of anatomy detection. Two cervical and two lumbar scout images of 15 different volunteers were acquired. The volunteers were asked to change their pose in-between, while the global positioning of each subject was kept fairly consistent. Ground-truth information regarding the position of the visible intervertebral discs was generated for all 60 datasets by a clinical expert.
In a first step, the performance of the disc candidate detection was evaluated, showing a sensitivity of 95.6% for the interest point detector. As the interest point detector responds on all horizontal line-like structures in the image, the number of false disc candidate detections is rather high, especially in cervical scouts owing to the smaller size of the intervertebral discs. The detailed statistics discriminating between cervical and lumbar scouts are summarized in Table 1 .
Secondly, the spine detection was evaluated. Fig. 2 illustrates the effect of dramatically reducing the number of false candidates arising in disc candidate detection by applying the spine detection procedure presented in Section 2.2. The final candidate that was selected at the end of the procedure corresponded in all 60 images to a valid detection of an intervertebral disc. In 28 out of 30 lumbar images, the detected point corresponded to the uppermost candidate, in two images it was shifted downwards by one. Similarly, in 27 out of 30 cervical images the detected point corresponded to the lowermost candidate, in three images it was shifted upwards by one. These results imply that by performing the propagation process for the spine labeling, none of the intervertebral discs, that are within the clinically relevant area, are prone to be missed due to bad initialization. Finally, the results of spine labeling were analyzed. In all 30 cervical images, the labeling was correct with the exception of one dataset, where one extra disc was erroneously detected. In particular, the progressive search was able to recover all relevant intervertebral discs for which disc candidate detection failed. Correspondingly, the labeling was correct in 25 out of 30 lumbar scouts. In the remaining 5 images L4-L5 was erroneously detected as the lowermost disc, however, in a clinical environment this error can be corrected by the operator.
Validation of automated planning. Qualitative assessment of consistency of the presented method with manual planning was carried out using 12 survey datasets. For the cervical and lumbar regions, manual plan sets were defined in six images each. Every plan set consisted of a mid-sagittal view of the total cervical or lumbar spine and two transverse views at different segmental levels: lower third of the vertebral body C6 or L4 and the disc below. Five plans were based on the images of healthy volunteers from the anatomy detection validation study. These plans were used to train the ASP algorithm. For the sixth dataset, displaying a pathology, the corresponding plans were generated automatically and compared with the manual plans. The whole process including automated anatomy recognition and planning took about 6 seconds on a 2.4 GHz Linux PC.
The results were inspected visually as shown in Fig. 3 , where the additional frontal view facilitates comparison of the automated and manual plans. The results reveal consistent planning of the requested segments. Furthermore, the 3rd column from the left in Fig. 3 shows the algorithm's successful extrapolation of the transverse plans to other segments.
A small in-plane rotation between the manually and automatically planned mid-sagittal views can be observed. Nevertheless, the automatically planned views have been rated as fully acceptable by a clinical expert. Note that the slight lumbar scoliosis and apparent cervical hyperlordosis were not present in the training data, which emphasizes the robustness of the method.
Conclusion
This paper has presented a novel method for automatically planning scan geometries in spine MRI scans. The approach makes use of automatically detected anatomical landmarks to learn and plan scan geometries for lumbar and cervical partial spine examinations. Since the number of visible vertebrae in such examinations is not known in advance, the proposed anatomy detection approach is based on analyzing locally extracted features aimed at determining the positions and orientations of intervertebral discs. The results of the validation study showed the anatomy labeling being correct in 54 out of 60 test datasets and shifted one level in the remaining 6 images. Based on a small number of training examples, automated planning showed consistent results for a clinical dataset with pathology, and in transferring plans to the areas of the spine other than those used for training. With the overall processing time of about 6 seconds, the proposed method is feasible for clinical use.
